reactions randomizing the labelling pattern in pyruvate and alanine once formed; (j) drainage of pentose units for synthetic processes is negligible. An additional and important assumption is that the formation of gluconate and glucose 6-phosphate from glucose and the formation of 6-phosphogluconate from glucose 6-phosphate and gluconate are fast processes. In other words, the pools of glucose 6-phosphate and 6-phosphogluconate are considered as isotopically equivalent. That this may be the actual case is supported by the fact that cells contain very active glucose 6-phosphate-dehydrogenase and gluconate-kinase enzymes, and rapidly form gluconate from glucose by 'direct' oxidation and via glucose 6-phosphate dehydrogenase (Gromet, Schrarnm & Hestrin, 1957) . The reaction leading from glucose 6-phosphate to 6-phosphogluconate is irreversible. For simplification of pathway estimation, drainage of hexose units into cellulose or oxogluconates is assuimed to be irreversible, as is likely to be the situation since they accumulate in the medium during glucose metabolism.
Case A: Drainage of glucose 6-phosphate into cellulose or oxogluconate occurs from a pool of initial (unrecycled) hexose phosphate. The model shown in Scheme 1 was used as an approximation of the pathways described. The pentose phosphate-cycle, Entner-Doudoroff and triose-recombination reactions are assumed to interact over the range 0-100% from a common pool of glucose 6-phosphate and 6-phosphogluconate. The fructose 6-phosphate formed by the pentose phosphate cycle will re-enter the glucose 6-phosphate pool, and all the triose phosphate will form a common pool of which 0-100 % will recombine to yield glucose 6-phosphate, the remainder becoming pyruvate. The end products after complete reaction (infinite recycling) are carbon dioxide and pyruvate exclusive of the fraction engaged in synthesis by nontriose pathways.
An extension of the method of Dawes & Holms (1958 , 1959 has been applied to calculate the relative amounts of each pathway. The present method treats the recycling of both hexose phosphate and triose phosphate. By starting with the simplest case (only the pentose phosphate cycle), it is seen that for each amount (x) of substrate glucose 424 EVALUATION OF GLUCOSE METABOLISM IN A. XYLINUM 6-phosphate entering a cycle, ix of pyruvate and x of carbon dioxide will be formed. Of the newly formed glucose 6-phosphate, fx re-enters the pool to react in a second cycle which, in turn, will produce more carbon dioxide, pyruvate and glucose 6-phosphate. Thus the overall equation for this case becomes: xC(I)C(2)C(3)C(4)C(5)C6) -* xCO2 + 4XC(2)C,3)C(2)C(4)C(5)C(6) glucose 6-phosphate glucose 6-phosphate + IXC(2)C(3)C(3)C(4)C(5)C(6) + IXC(4)C(5)C(,) glucose 6-phosphate pyruvate where the numbers refer to the carbon positions in the original glucose 6-phosphate molecules.
In the first cycle, IxC(4)C(5)C(6) pyruvate is formed; in the second cycle an amount x of the ix of glucose 6-phosphate formed by the first cycle will re-enter the pentose phosphate cycle to give (jx) 
Of interest is the labelling pattem in pyruvate derived from [14C]glucose. Several types of labelled glucose 6-phosphate molecules are formed on each recycling. Pyruvate arising from the EntnerDoudoroff pathway has the distribution of C atoms shown in Scheme 2, identical with that in C-1, C-2 and C-3 of the glucose 6-phosphate resynthesized via the pentose phosphate cycle. Since C(1)C(2)C(3)C(4)C(5)C(6,) glucose 6-phosphate appears only in the initial pool, the amount of C(1)C(2)C(3) formed is (1-x).
As a factor, x, of C(1)C(2)C(3)C(4)C(5)C(6) glucose 6-phosphate is recycled, ix of C(2)C(3)C(3)C(4)C(5)C(6) glucose 6-phosphate and ix of C(2)C(3)C(3)C(4)C(5)C(6) glucose 6-phosphate are formed, (1 -x) of which proceeds to pyruvate. The C(2)C(3)C(3)C(4)C(5)C(6) glucose 6-phosphate and C(2)C(3)C(2)C(4)C(5)C(6) glucose 6-phosphate combinations appear in the third cycle again. Also, an extension of the scheme shows As the pattern is repetitive, the situation is as above starting in the fourth, sixth and eighth cycles. Thus the formula is 
where the fraction of 1 mole of glucose 6-phosphate entering the pentose phosphate cycle is x.
As triose recombination is introduced, none of the preceding expressions for pyruvate is affected except C(4)C(5)C(,). Ify is the fraction of C(0(5)0(6,) that recombines to yield glucose 6-phosphate of the type C(6,)C(5)C(,C4,C(5)C(6S) (which by recycling will produce pyruvate molecules of the type C(,)C(5)C(4), C(5)C(4C (5) etc.), then C(6O5)(4C(4)0(50(86) glucose 6-phosphate can be considered analogous to C(D)C(2)0()0(4)C(56) glucose 6-phosphate andhence C(6)C(5)C(4) to C(1)0(2)O(3), C(5)C(4)C(5) to C(2)C(3)C(2), etc., except that the amount does not equal 1 like that for C(1)C(2)C(3)C(4)C(5)C(,) glucose 6-phosphate. The amount, a, of 0(6)C(5)C(4)0(4)5(6)C(* glucose 6-phosphate formed from recycling of C(1)C(2)0(3)0(4)0(A5C(6) glucose 6-phosphate would be:
i.e. the amount of C(4)C(5)C(6) formed times the fraction, y, that recombines times 05, since two molecules of triose recombine. With recycling, we obtain a2 more 0(6)C(5)0(4)C(4)C(5)C(6) glucose 6-phosphate and then a3, a4, a5, etc., so that the total amount produced is: a+a2 +as+a4 + or, after factoring and approximating the series, a/(1 +a), and by resubstituting and approximating thef(x) series:
This fraction multiplied by the various expressions (2) analogous to those for pyruvate molecules derived from C-1, C-2 and C-3 of glucose 6-phosphate will give expressions for pyruvate molecules derived from C-4, C-5 and C-6 of glucose 6-phosphate as follows:
(l-y) (jx+ 1-x){l + ix+ 4(IX)2 +...} is formed by recycling C(1)C(2C(,)C(4)C(,)C(6) glucose 6-phosphate (defined as fraction 1). As a fraction of C(6)C(5)C(4)C(4)C(,)C(6) glucose 6-phosphate which equals a+a2+a3+... 1 gives rise to further C(4)C(5)C(6) pyruvate, the expression for C(4)C(5)C (6) C(4)C5C (6) 
It is now possible to calculate tl distribution of label in pyruvate specifically 04C-labelled glucose and, ir molar specific activity of pyruvate re strate glucose as a function of variou of the pentose phosphate-cycle, Entr and triose-recombination pathways.
To find the percentage distributi pyruvate, the expressions (2) with 1l carbon position of interest are added, multiplied by 100 and divided by the sum of the expressions of all pyruvate molecules having label. The expressions in the denominator are multiplied by the number of atoms in the molecule that carry label. For example, to obtain the percentage of total label at C-2 of pyruvate arising from [2-14C]glucose, the expressions (2) for the pyruvate molecules are substituted into the following equation:
As the expressions for patterns C(,)C(2)C(,) and C(,.C(2)C(2) are identical, it is expressed as 20 (3)C (2)0(3) in the numerator. The same explanation applies to 2(1 -y) 3C(3)C(2)C(3) and 3C(2)C(,)C(,) in the denominator. or 2
To find the percentage of total pyruvate mole--cules labelled (molar specific activity relative to he percentage substrate glucose) the expressions of all pyruvate derived from molecules having label from the carbon position of n addition, the interest are added and again multiplied by the ilative to sub-number of atoms carrying label as in the case above, is percentages then divided by the sum of all expressions. aer-Doudoroff Sets of theoretical curves (Figs. la, lb and 1 c) are obtained which show the apparent percentage an of label in of total pyruvate molecules labelled from glucose abel from the having 14C at C-1, C-2 or C-6, and as a function 
C (2) 2 -*4 -*-8 etc.
Scheme 2. Distribution of C-1, C-2 and C-3 from glucose 6-phosphate in pyruvate arising from the EntnerDoudoroff pathway. (C-4, C-5 and C-6 are omitted from the Scheme.)
Vol. (Figs. l b and 1 c) show that a small error in the measurement of the specific activity would result in a correspondingly large error in the estimation of the pentose phosphate cycle, particularly at low values of pentose phosphate-cycle operation. The situation improves with [6-14C]glucose as the amount of triose recombination approaches 100 %. Results foundwith [1-14C]glucosewillprovide a more reliable estimate of the contribution of the pentose phosphate cycle (Fig. 1 a) . As an example, the percentage of total pyruvate molecules labelled from [1-14C]glucose in Expt. IV of White & Wang (1964) was 27 % after correction for endogenous dilution as calculated from results with [U-14C]glucose. This value corresponds to a 61 % contribution by the pentose phosphate cycle when 83 % of the triose phosphate recombines (see Table 1 ).
A second approach uses the ratio of percentage distribution of label from two carbon positions in pyruvate or alanine. Two sets of experimental labelling results are required. One set is needed from the triose-recombination-independent percentage distribution of label in pyruvate derived from a,/a2 = IX or, solving for unknown x:
Similarly, x could be solved for by using ratios of other carbon positions.
The ratio of the percentage label at C-1 (bl) to that at C-2 (b3) of pyruvate from [6-14C]glucose is:
Solving for y and substituting b3 = (100-bl), the following equation for triose recombination is given:
2b, a 2bj. + (I 1-X) ( 100-bl)
A third method of pathway evaluation utilizes the theoretical curves for percentage distribution of label in pyruvate derived from specifically labelled glucose (Figs. 1 d, 1 e and If) . The theoretical values for the pentose phosphate-cycle, Entner-Doudoroff and triose-recombination pathways, i.e., x, (1 -x) and y, were calculated as mentioned above. Use of the labelling results on pyruvate from [2-14C]glucose is probably the most accurate for determining the contribution of. the pentose phosphate cycle. C-2 of pyruvate has the bulk of the label. C-1 and C-3 contain less total label and therefore are affected more by experimental error. Hence the use of ratios of activity in carbon positions tends to be inaccurate.
The ratio method is more desirable for the determination of percentage of triose recombination, since it provides an exact value rather than a value interpolated from the theoretical curves in Fig. 1(f) . Table 1 gives the calculated percentages of glucose 6-phosphate molecules entering the pentose phosphate-cycle and Entner-Doudoroff pathways and the percentage of triose molecules recombining as calculated from results in Expts. I-IV of White & Wang (1964) . Of the total glucose 6-phosphate entering the pentose phosphate-cycle plus EntnerDoudoroff pathways in younger (20-24hr.) the total 14C activity was located at C-I of alanine derived from [6-14C]gluconate. If the participation of triose recombination were 100%, all the activity would be at C-1 (Fig. If) . Case B: Drainage of glucose 6-phosphate into non-triose pathways occurs from a pool of unrecycled, recycled and recombined molecules. The preceding expressions apply when there is an initial drainage of glucose 6-phosphate molecules into non-triose pathways, i.e. before recycling via the pentose phosphate cycle or triose recombination occurs. In Case A, the pentose phosphate-cycle and EntnerDoudoroff pathways are expressed as a percentage of the fraction of glucose 6-phosphate entering these routes. Thus, for example, if initial drainage via non-triose pathways is 20mol.prop. of glucose 6-phosphate from each original 100 mol.prop. of glucose 6-phosphate, the fraction of initial glucose 6-phosphate dissimilated via the pentose phosphate cycle is 0-8 x the calculated percentage contribution of the pentose phosphate cycle.
Most probably, in A. xylinum, drainage of hexose phosphate into cellulose and oxogluconates is continuous from a pool containing unrecycled, recycled and recombined glucose 6-phosphate molecules. That is, a specific fraction ofthese glucose 6-phosphate molecules is removed continuously by non-triose pathways. found marked variation in the percentage of total glucose converted into cellulose, 2-oxogluconate and 5-oxogluconate among different batches of cells. The values with cells incubated for 4-5 hr. with glucose ranged from 20 % to 72 %, averaging 49 %. When it is assumed that a constant percentage of hexose phosphate drainage occurs at each cycle, then a fraction denoted as z will be free to react further, and: _ percentage participation of non-triose pathways 100 =-z Thus the expressions presented in Case A will simply be modified by z. Any (1-x) becomes (1-x) z since only the fraction z of glucose 6-phosphate not drained off will enter the EntnerDoudoroff pathway. Similarly, it is found that z appears with every x since drainage leaves only the z fraction to enter the pentose phosphate cycle for recycling (y is not concemed with z as it represents only the amount of triose phosphate recombined).
The fraction ofnon-triose pathways after recombination is accounted for by the xz portion of the following expressions: This can be accomplished by adding all the expressions in Case B except that for C(4)C(5)C(,) after the substitution of (1 -z) for all values of (1-x) z. The latter is done since, instead of the fraction (1-x) z of the glucose 6-phosphate (unrecycled, recycled and recombined) going via the Entner-Doudoroff pathway the fraction (1 -z) of the same glucose 6-phosphate which is drained off is required. Sinplification after the addition of the expressions gives the total number of glucose 6-phosphate molecules engaged in non-triose pathways as:
, As the initial amount of glucose 6-phosphate is always considered to be 1.0, the above equation multiplied by 100 gives the percentage of glucose 6-phosphate molecules entering non-triose pathways. Column (VI) in Table 2 gives these values. To express the pentose phosphate-cycle pathway as a percentage of the initial amount of glucose 6-phosphate rather than as a percentage of the fraction of glucose 6-phosphate molecules entering the pentose phosphate-cycle and Entner-Doudoroff pathways, column (III) of Table 2 is recalculated as explained above; at each cycle: (percentage contribution of pentose phosphate cycle) x (1 -nontriose-pathway fraction). The results are shown in column (VII). However, the percentage drainage shown in column (II) is used as it is the initial nontriose-pathway drqinage. On this basis, the percentage contribution of the pentose phosphatecycle pathway does not change within the error of determining the number from the graph and becomes independent of non-triose-pathway reactions. Conversely, the percentage label distribution in C-2 of pyruvate also stays within the limits of experimental error. As the contribution of the pentose phosphate cycle decreases and that of the Entner-Doudoroff pathway increases, non-triose pathways have less effect on the amount of label at C-2. Calculations when z = 0-8, corresponding to a 26 % contribution of non-triose pathways, and for various values of y showed only a 3 % decrease in the percentage label at C-1 of pyruvate derived from [6-14C] glucose. Thus less label is found at C-1 as the participation of non-triose pathways increases.
The percentage of triose recombination [column (V) of Table 2 ] can be calculated as in Case A by the modified ratio formula: 2b, = (1-x) z(100-bl) + 2b, In previous work (Atkinson, Jackson & Morton, 1961) a partially purified preparation of ATP-NMN adenylyltransferase (EC 2.7.7.1) was used to determine the influence of pH and NMN concentration on the rate of formation of NAD. For further work on the specificity of this enzyme, a preparation of higher specific activity, and free of possible interfering enzymes, was needed.
The present paper describes the large-scale preparation of pig-liver nuclei, the preliminary removal of inactive protein, and the extraction of enzyme
